ABSTRACT Soybean aphid, Aphis glycines Matsumura (Homoptera: Aphididae), is a severe pest of soybeans in North America. Soybean aphid populations cycle between a secondary summer host, where populations reproduce parthenogenetically and a primary host, where populations overwinter as eggs. In North America, the secondary host is soybean, and the primary hosts are Rhamnus cathartica L. (Rhamnaceae) and R. alnifolia LÕHer. A location with abundant populations of soybean aphid on R. cathartica was identiÞed near Guelph, Ontario, Canada, in October 2004, and eggs on trees were counted at multiple sites within that location each autumn and spring over the next 2 yr. Dynamics of naturally occurring soybean aphid populations on the primary host were assessed with respect to (1) decline of overwintering eggs from autumn to spring, (2) development of spring populations on R. cathartica, and (3) development of soybean aphid populations on soybean immediately adjacent to overwintering sites. Counts of aphid eggs declined by Ϸ70% between autumn and spring sampling periods in 2004 Ð2005. SigniÞcant differences in counts of aphid eggs relative to sampling height were observed in the canopy of R. cathartica. No edge effects were observed in the development of soybean aphid populations in soybeans adjacent to overwintering sites in this study. 
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Soybean aphid, Aphis glycines Matsumura (Homoptera: Aphididae), colonizes soybean, Glycine max L. (Merr), and has been the cause of considerable economic losses since its introduction to North America at the end of the 20th century . Soybean aphid populations cycle between a secondary summer host, where populations reproduce parthenogenetically, and a primary host, where populations overwinter as eggs . In North America, the secondary host is soybean and the primary hosts are Rhamnus cathartica L. and R. alnifolia LÕHer (Voegtlin et al. 2004b ). Gynoparae and oviparae have been observed on Frangula alnus P. Mill, although overwintering on that species has not been conÞrmed (Voegtlin et al. 2004b) . R. cathartica is most abundant north of the 41st parallel .
Decreasing temperature and declining plant quality are thought to initiate migration of gynoparous females from soybean to the overwintering host ). On the overwintering host, alate males originating from soybean mate with oviparous females produced by gynoparae . Eggs are deposited on the margins of buds in late October to mid-November in the midwestern United States, around the time of leaf drop . Aphid eggs are yellow-green on oviposition, but later become shiny and black (Leather 1980 , 1981 , 1990 , Wade and Leather 2002 .
The Þrst generation of aphids after eclosion consists of a stem mother, an apterous fundatrix (McCornack et al. 2005) . Three or more generations of soybean aphids are produced by parthenogenesis on the primary host (Liu et al. 2004 ). On or after the third generation, primary alates are produced that migrate to the secondary host .
The most common natural enemies surveyed on soybean include Harmonia axyridis Pallas, Orius insidiosus (Say), and Leucopis spp. (Fox et al. 2004 ). Parasitism of soybean aphid by Braconidae and Aphelinidae on soybean has been observed in midwestern United States, although parasitoids seem to be less common than predators (Brewer and Noma 2004, Ellingson 2004) . Little is known regarding the diversity of natural enemies that interact with soybean aphid populations on the primary host(s).
In autumn 2004, a location outside of Guelph, Ontario, Canada, was found with large populations of soybean aphid gynoparae, androparae, and oviparae on R. cathartica. Abundant egg populations on these trees offered a rare opportunity to study overwinter-ing in southwestern Ontario, a region where such large egg populations had not been observed previously (T. Baute, personal communication). The following hypotheses were tested: (1) aphid egg densities on R. cathartica in spring are signiÞcantly lower than autumn densities; (2) the quantity of eggs collected at various heights in the tree canopy will differ; (3) of natural mortality factors co-occurring with A. glycines populations on the primary host in spring, predaceous arthropods are more common than parasitic forms; (4) the development of A. glycines populations in soybean Þelds adjacent to overwintering sites will not display an "edge effect"; (5) signiÞcant yearly variability in autumn egg counts will be observed at the study location.
Materials and Methods
A location with populations of naturally occurring soybean aphids on R. cathartica was identiÞed near Guelph, Ontario, Canada, in October 2004 (GPS: N 43.59, W 80.27 ; Fig. 1 Four transects were established running perpendicular to the stream. Forty sample sites were identiÞed (10 per transect) in the autumn of 2004, and egg density was assessed at each site by destructive sampling. For this purpose, 10 branch cuttings Ϸ10 cm in length were taken at heights Ϸ0.5, 1, and 2 m above ground level. Branch cuttings were bagged, and egg numbers were counted in the laboratory under a dissecting microscope. All egg counts subsequent to 23 March 2005 involved the collection of Þve branch cuttings from the three previously sampled heights at each site. Five of the sampling sites were omitted from the 2006 spring survey because of inaccessibility (ßooding) or poor condition of the plant material (i.e., dead or dying trees).
In 2004 Ð2005, data loggers (Onset Computer, Bourne, MA) were maintained at heights of 1.5Ð2 m in the canopy of R. cathartica to monitor hourly mean temperatures at sites distributed across the study location (Fig. 1) . Variability in mounting heights was related to availability of plant material capable of supporting data loggers. Additional data loggers were also maintained at approximate heights of 0.5 and 2.0 m (Fig. 1) .
To assess impacts of natural mortality factors such as predators and parasitoids on spring aphid populations, exclusion barriers (ÔNo-See-UmÕ mesh; KaplonSimon Venture Textiles Division, Braintree, MA) were placed over some aphid colonies beginning 3 May 2005. Cylindrical No-see-um mesh enclosures were 35 cm in length and 12 cm in diameter, with a central supportive plastic loop sewn into the fabric. Enclosures were fastened at each end with adjustable plastic cable-ties, forming a self-supporting, protective structure.
Three colonies were observed (assigned to treatments AÐC) weekly at each of at least nine of the sites previously sampled for eggs. Colony A was counted and immediately enclosed in mesh, and its population was assessed by destructive sampling 1 wk later. Colony B was counted on week 1, counted and enclosed in mesh on week 2, and harvested to be placed in a growth cabinet on week 3 at L:14 D:10, 23 Ϯ 1ЊC. Parasitism that occurred in colony B during the Þrst week should have been evident during the 2 subsequent wk in which the colony was protected by a mesh enclosure. Colony C was left as an unprotected control counted on week 1 and sampled on week 2. Coccinellids observed foraging within 5 m of any colony were noted at each site for each observation date.
In 2005, when soybeans were planted on the three Þelds across the study location, aphid populations were assessed at various distances into each soybean Þeld beginning at a point on a tree line containing R. cathartica infested with A. glycines, to determine dispersal patterns into soybean from adjacent stands of buckthorn. Three transects were established running 50 m into a soybean Þeld from a single point on the Þeld edge ( Fig. 1 ). At intervals of 5 m along each transect, a single plant was rated for A. glycines density after a rating scale by Difonzo (2002) . Aphid numbers were estimated on the stem, the middle leaßet of the top uppermost fully unfolded trifoliate, the middle leaßet of a trifoliate half-way up the plant, and the middle leaßet of a trifoliate at the bottom of the plant, and a rating of 0 Ð 4 was assigned (0 ϭ no aphids, 1 ϭ 1Ð10 aphids, 2 ϭ 11Ð25 aphids, 3 ϭ 26 Ð99 aphids and 4 ϭ 100ϩ aphids per leaßet or stem). The four ratings (stem rating and trifoliate ratings at three heights) were summed to obtain a total score out of 16. Assessments were repeated every 3Ð 4 d beginning 13 June 2005 and ending on 25 July 2005.
Because R. cathartica is also a primary host for Aphis nasturtii Kaltenbach (Homoptera: Aphididae), specimens were collected and conÞrmed as A. glycines using published keys and with the assistance of systematists (Dr. R. Foottit and E. Maw) Analysis of Temperature Data. A repeated-measures analysis using Proc Mixed was used to test the hypothesis that the mean, maximum, minimum, and range of daily temperatures were different at the two logger heights. In the Proc Mixed model, logger height, measurement date, and the interaction of logger height and date were Þxed effects. Site effects were random. The model was assessed with several covariance structures; the covariance structure producing the lowest AkaikeÕs info criterion and SchwarzÕs Bayesian criterion was selected for use in the analysis. A TukeyÕs test was conducted to compare means when a signiÞcant effect for logger height was found.
Population Growth on the Primary and Secondary Host. Weekly and overall percentage population growth rates between protected and unprotected aphid colonies on R. cathartica were compared using the Wilcoxon-Mann-Whitney test. Mean colony sizes observed at the start of each weekly caging interval were compared using the Wilcoxon-Mann-Whitney test.
A repeated-measures analysis using Proc Mixed was used to test the hypothesis that soybean aphid populations in soybean Þelds immediately adjacent to R. cathartica did not display an edge effect. Tests of residuals on transformed data [y ϭ ln(1/(x ϩ 0.5)] were conducted to test the assumptions of ANOVA. A Shapiro-Wilkes test was conducted using Proc Univariate on the calculated studentized residuals of experimental data to test normality of the errors. Proc Plot was used to plot residual against predicted values for the response variable (aphid rating) and to plot residuals by date, site, and sampling distance. In the Proc Mixed model, distance from the transect origin (0, 5, 10. . . 50 m), sampling date, and the interaction of distance and date were Þxed effects. Site effects were random. The model was assessed with several covariance structures; the covariance structure producing the lowest AkaikeÕs info criterion and SchwarzÕs Bayesian criterion was selected for use in the analysis. A TukeyÕs multiple means comparison test was conducted to compare means when there were signiÞcant Þxed effects. A type I error rate (␣) of 0.05 was selected to make decisions of signiÞcance in all statistical tests. (Fig. 2) . On 15 November 2004, egg densities at 2 m were greater than at 0.5 m on branch segments collected from the northern half of the study location ( Fig. 3) . On 23 March 2005, egg densities at 1 m were greater than densities at 0.5 m on branch segments collected from the northern half of the study location (Fig. 3) . On 23 November 2006, no differences in egg counts were observed relative to sampling height or source (i.e., southern/northern half of study location).
Results

Decline in Egg
Continuous temperature data sets for the period 18 November 2004 to 23 March 2005 were recovered from six sites with loggers at heights of 1.5Ð2.0 m. Continuous data sets could not be recovered from the remaining sites because of vandalism, battery failure, or incomplete data sets. Average temperatures recorded by Hobo data loggers for the months beginning 18 November and ending 23 March 2005 were 2.5 (November), Ϫ4.7 (December), Ϫ8.6 (January), Ϫ6.0 (February), and Ð5.8ЊC (March). The lowest temperature of the winter was recorded in January (Ð33.3ЊC).
Complete data sets from loggers recording hourly temperatures at two heights (0.5 and 2.0 m) from 5 January to 3 March 2005 were recovered from three sites (sites: North, B1; North, B2; South, A2; Fig. 1 ). Mean daily temperatures and minimum daily temperatures at 0.5 and 2.0 m differed signiÞcantly during the interval 26 January to 3 March 2005, although the difference in temperatures at both heights for each measure was Ͻ1ЊC.
On 15 Population Development on the Primary Host in Spring. Aphid colonies observed on 3 May 2005 were signiÞcantly larger than those observed in the subsequent 2 wk (beginning 10 and 18 May; Fig. 4 ). By the last 2 wk of sampling (beginning 24 and 30 May), mean aphid colony size was no greater than that observed on 3 May (Fig. 4) .
When analyzed with a Wilcoxon two-sample test, no differences in weekly population growth rates were observed among unprotected and enclosed aphid colonies for the Þrst 4 wk of exclusion treatments (03, 10, 18, and 24 May 2005). In the last week of sampling (30 May to 8 June 2005), unprotected colonies decreased at a greater rate compared with enclosed colonies. Mean weekly percentage change in enclosed populations overall was 136.7%, which differed signiÞcantly from that of unprotected populations, in which negative growth overall was exhibited (Ϫ3.67%).
Natural Enemy Surveys. No adult or larval parasitoids were collected during the study. Three species of Coccinellidae were observed foraging in the vicin- (Fig. 5) .
Discussion
Oviposition and Egg Survival. In this study, a 70% decline in aphid eggs was observed between the autumn and spring sampling periods in 2004 Ð2005. This level of mortality among overwintering eggs is comparable with that observed for other aphid species. Gange and Llewellyn (1988) have reported total winter egg mortality of 65% for the alder aphid, Pterocallis alni De Geer, and overwintering mortality among eggs of Rhopalosiphum padi L. range from 70 to 81% (Leather 1980 (Leather , 1981 . Reports of mortality for overwintering eggs of Acyrthosiphon pisum (Harris) range from 70 (Bronson 1935) to 83% (Dunn and Wright 1955) .
Mortality factors responsible for decline in egg abundance could include predation and exposure to winter temperatures. In a study in which R. padi L. eggs were protected against predation and counted weekly throughout winter and early hatch, total mortality in the protected group was 35% compared with 81% mortality in unprotected populations (Leather 1981) . Dunn and Wright (1955) have suggested that rain could also contribute to mortality by dislodging eggs and promoting fungal infection. Determining the relative contribution of rain and natural enemies to total mortality among A. glycines eggs will require that exclusion experiments similar to those by Leather (1981) be conducted. January 2005 had the lowest average daily temperatures (Ϫ8.6ЊC), as well as the lowest recorded temperature (Ϫ33.3ЊC) of that winter. The supercooling point (SCP) for A. glycines eggs, the temperature below which ice crystals form in tissues and instantaneous death occurs, is approximately Ϫ34ЊC (Salt 1961 , Somme 1982 , McCornack et al. 2005 . A proportion of the eggs in this study may have been exposed to temperatures approaching the SCP for A. glycines. Although statistically signiÞcant differences in mean and minimum daily temperatures recorded by loggers at 0.5 and 2.0 m were found, it is unlikely that such differences are biologically signiÞcant, because both measures differed Ͻ1ЊC at each height. Data loggers were situated such that measurements of temperatures in the air spaces within the tree canopy were recorded. There is a possibility that temperatures experienced at the branch surface or budÐ branch interface are different from temperatures experienced in the air spaces between branches. Such "microclimate" effects could render certain areas within the canopy more conducive to survival of aphid eggs. Whether such microclimate effects vary throughout the tree canopy will require more exact measurements of temperature at the surface of the branch and/or bud.
Variation in Egg Counts at Sampled Heights. Egg densities at 2 m on 15 November 2004 were greater than those sampled at 0.5 m in the northern half of the study location. This may reßect the pattern of aphid immigration into the R. cathartica canopy in autumn by alates. The southern and northern halves of the study location differed with respect to the quantity of sampling sites located on a Þeld edge (Þve sites on Þeld edges in northern half of study location and 15 in southern half; Fig. 1 ). Alates immigrating into trees located on a Þeld edge could have greater access to the entire tree canopy, whereas alates immigrating into areas of denser vegetation might initially land in the upper canopy. Favret and Voegtlin (2001) have suggested that the closed canopy of woods could interfere with the passage of alates into lower regions of the canopy. Egg count decline observed in this study might also be explained by intraspeciÞc competition for preferred oviposition sites. The alder aphid, Pterocallis alni De Geer, favors bark crevices and bud axils for oviposition (Gange and Llewellyn 1988) . Similarly, R. padi deposits eggs in axils of buds of Prunus padus L. (Leather 1981) . When oviposition space on the axils of P. padus buds is depleted, further oviposition by R. padi often occurs on top of existing eggs, on adjacent bark or on the bud itself (Leather 1990 ; as cited by Wade and Leather 2002) . Eggs laid in such suboptimal locations might be more readily removed by rain, wind, or accessed by predators (Leather 1990, Wade and Leather 2002) . Competition for optimal oviposition sites may have been a contributing factor to egg count decline in this study.
SigniÞcant declines in egg counts were observed between sampling dates of 15 November 2004 and 23 March 2005 at all sampled heights. Although wind speed was not measured at the sampling heights studied in this investigation, it is an additional variable that could potentially inßuence mortality, because wind speed increases with increased height above ground level (Oke 1978) .
Population Development on the Primary Host in Spring. Although there was an overall difference in colony growth rates among enclosed and unprotected colonies, a statistically signiÞcant difference in weekly growth rates was not observed until the last round of exclusion treatments (30 May to 8 June 2005). Dispersal from the primary host by alates could have contributed to differences in population growth rates among enclosed and unprotected populations. The natural enemy complex was likely an additional contributing variable responsible for the observed differences, although the protective effect of the enclosures against environmental variables such as rain cannot be discounted.
No parasitoids were observed in this study. Aphid parasitoids belonging to the family Braconidae (Hymenoptera) overwinter as last-instar larvaeÐprepupa in mummiÞed aphids (Stary 1970) . For parasitism of spring aphid populations to occur, adult parasitoids must be temporally and spatially coincident with spring fundatrix populations. As a new pest to North America, it is unclear to what extent native and established parasitoids have adapted to the life cycle of the soybean aphid. In the initial stages of the hostÞnding process, female adult parasitoids may use olfactory cues for orientation (Vinson 1976) . These olfactory cues may include volatiles originating from a variety of potential sources, such as the host, byproducts of the host, the plant host, and volatiles originating from interactions of the herbivore with the host plant (Titayavan and Altieri 1990 , Turlings and Tumlinson 1992 , Zhang et al. 1998 , Bradburne and Mithen 2000 . Both soybean and R. cathartica are non-native species (Voegtlin et al. 2004b) . It is plausible that many parasitoid species in North America, although capable of parasitizing soybean aphid, may lack innate preferences for the olfactory cues associated with the soybean aphid and its plant hosts.
Intraguild predation by predators may also have contributed to the lack of parasitism observed in this study. Both adult and larval parasitoids can be consumed by predators (Kindlmann and Ruzicka 1992 , Ferguson and Stiling 1996 , Volkl and Kraus 1996 , Rosenheim 1998 , Meyhofer and Hindayana 2000 . It would be reasonable to hypothesize that, in this study, the probability of a larval parasitoid being killed by intraguild predation might be especially high, given that aphid colonies observed were small. Development of A. glycines Populations in Soybean Fields Adjacent to Overwintering Sites. No edge effects were observed in the development of soybean aphid populations in soybean Þelds immediately adjacent to overwintering sites. This is consistent with observations made by other researchers , Onstad et al. 2005 . Observations of initial colonization of soybean Þelds by A. glycines suggest that migrant alate females make many ßights within a single Þeld, stopping for a short time to feed and deposit nymphs before moving to a new host plant . Even if alate females leaving primary host plants Þrst visit immediately adjacent soybean plants, our study may have lacked the temporal resolution necessary to pick up such movement.
Yearly Variability in Aphid Populations. Soybean aphid infestations in southwestern Ontario were Þrst documented in 2001 (Hunt et al. 2003) . Since that time, year-to year variations in the severity of infestations in Ontario have been observed, with the highest populations of soybean aphid observed in 2001 . Reasons for this variability are poorly understood but could be related to any of the following factors: (1) cyclical relationships with natural enemies including H. axyridis (C. B. and M. S., unpublished data), (2) spatial and temporal patterns of insecticide application in southwestern Ontario, (3) suitability and availability of overwintering habitats and primary hosts such as R. cathartica, and (4) the size and frequency of dispersal events involving the movement of A. glycines alate populations into Ontario from potential source populations originating in neighboring states such as Michigan and Ohio (T. Baute, personal communication). Heavy aphid pressure in southwestern Ontario during the summer of 2005 was preceded by the observation of large numbers of eggs during the autumn of 2004 at both the location described in this study and across southwestern Ontario (T. Baute, personal communication) . No eggs were collected in this study in the spring of 2006, and no aphids were collected during the months of April and May 2006 on R. cathartica at the study location.
In this study, we estimated overwintering mortality experienced by populations of soybean aphid eggs. Because the primary host range of A. glycines in North America seems to be quite limited, the possibility of estimating next season risk to soybeans based on egg mortality is a practical possibility. If such estimates of risk were shown to be reliable, the probable return on early-season control options (i.e., neonicotinoid seed treatments) might be more easily judged for any given growing season and region.
